Thermal shock has emerged as a probable cause of random cracking in gas turbine hot gas path parts fueled by sweet gas from Eastern Province gas plants in Saudi Arabia. Fuel is distributed to combustion gas turbines in a central Ghawar water injection plant approximately SO kin away through a series of pipelines above grade. To combat the damaging effects of condensates in fuel gas, two stage particle/demister filters were installed on the gas turbines at this plant Inspections of the filters that protect five MP drivers, model MS-5002B/AT, have been carried out after 13,000 to 17,000 operating hours. An analytical evaluation of solids recovered from the filters revealed evidence of condensates in the fuel gas including water soluble salts, iron hydroxides and heavy hydrocarbons. There was damage to four out of five particulate filter elements, elemental sulfur found in filter catches, erosion of a stop valve stem, and cracks in the turbine nozzles with no cracks in the buckets' coaling. All of these problems could be attributed to the presence of solid and liquid contaminants in the fuel gas. HYSIM calculations on upstream fuel gas samples support the potential for condensate and gas hydrates, particularly in cooler weather. The results of this study have led to the recommendation to install coalescing filters on gas turbines operating on this sweet gas fuel system. Suspected sources of moisture and heavy hydrocarbons resulting in sudden changes in fuel gas composition and the potential for damage due to thermal shock will be presented.
INTRODUCTION
time, Saudi Armco continues to expand gas processing facilities to meet the increasing demand for power. Along with this expansion is an increasing reliance on the uninternipted operation of COT power units.
Because of frequent forted outages and the short time between overhauls (780), there have been continuing efforts over the years to improve reliability by upgrading T80 limiting components (Norek, 1992) . The most serious problems were thought to have been related to hot corrosion and corrosion induced cracking of first stage turbine nozzles and blades (buckets). Over two dozen improvements including self cleaning air filtration, improved design and metallurgical coatings for turbine buckets, and the change from sour gas to sweet gas have resulted in extended average TEI0 life from 12.000 to over 50,000 hours. However, there have since beat Casa of random cracking on turbine blades and nozzles that cannot be attributed to hot corrosion, but rather, they are indications of hot and cold thermal shock (Norek, 1992) .
Thermal shock of nozzles and blades is caused by rapid change in the hot gas temperature. This may lead to high temperature gradients in the metal walls exposed to the hot gas resulting in many forms of permanent structural damage. Hydrocarbon liquids in the gas fuel cause sharp increases in the fuel calorific value which can generate an uncontrolled increase in the hot gas path tan perature, hot thermal shock, and various forms of damage like distortion (bulging and bowing), cracking, craze cracking, heat check cracking, melting and burning. Aqueous liquids are non-combustible and can cause chilling or cold thermal shock resulting in cracking. Cracks due to cold thermal shock are distinct They are usually very tight and are not associated with noticeable thermal distortion or discoloration due to bunting. The majority of the cracks due to cold thermal shock are fleetly on the pressure side of vanes, unlike cracks due to hot thermal shock which appear mostly on the suction side.
In a pilot study, gas filters were installed on five identical GE-5002B/AT combustion gas turbines (firing temperature 1770°F, 965°C) used to chive water injection pimps at a central Ghawar Field WIP (CWIP). Each operating gas turbine may consume 5,000 SCFM of fuel while generating 37,050 bhp (max.). Although the fuel gas is sweetened, the fuel calorific value and moisture content are believed to vary, particularly in winter months. It was believed that liquids in the fuel system was the primary reason for fluctuations in calorific value, and that filtering would help reduce these fluctuations. The objective of this study was to show that TBOs could be improved and damage due to thermal shock avoided by fuel filtering.
Hot gas path inspections were carried out after logging an average 14,000 hours on each turbine. During these inspections, the filters were disassembled, inspected, and their particulate filter elements changed. Described herein are the results of our analytical investigations of the fuel system contaminants recovered from the filters and a study of variations in the fuel gas composition that could account for the presence of fuel line condensates and gas hydrates.
EXPERIMENTAL METHODS
Particulate filter elements were examined by a variety of analytical methods. Solids scraped from the surface of particulate filter elements were assayed for mineral content by powder x-ray diffraction (XRD), x-ray fluorescence (XRF), and thermal gravimetric analysis (TGA). Further characterization of the filter catch solids include: particle size analysis; total carbon, hydrogen, and nitrogen analysis; and total sulfur by LECO sulfur analyzer. Soluble components (elemental sulfur and hydrocarbons) were separated by solvent extraction. Residual hydrocarbon from filter catch solids was evaluated by gas chromatography (GC) and GC mass spectrometry (GC-MS).
Gas used to regenerate gas and liquid hydrocarbon dehydrators (regen gas) was sampled from the top of the knock-out drum at the end of each dehydrator chill-down unit. The samples were collected in stainless steel bombs after flushing for several seconds with the gas. Routine analyses were performed in the gas plant laboratory on a calibrated gas chromatograph analyzer.
Pressure-temperature phase envelopes defining dew point and gas hydrate boundaries were calculated with HYSIM from gas stream composition data assuming water saturation at 60°F (16°C).
RESULTS AND DISCUSSION

General Condition of Filters and Fuel System
A schematic representation of the Filterdyne filter which was used in the pilot study is shown in Fig. I . These filters are not true coalescing filters, but rather filter/demisters. They consist of two stages: the first stage functions as a particulate filter, while the second stage is an expansion chamber that contains a demister pad for removing condensates. Gas entering the filter inlet passes directly through a perforated partition into the chamber that contains three particulate filter elements held at both ends in a trigonal arrangement. The gas permeates the particulate filters from the outside, then travels through the axes into the demister. The demister consists of cellulose fiber webbing. Drains at the bottom of both sides of the filter pot collect any liquids that coalesce from the fuel. Although no one has recalled ever observing liquids in the drain reservoirs, water marks are clearly visible through the sight glasses. It is possible that these marks are from residual water in the fuel system from the initial pipeline hydrotest.
All five turbine fuel systems filters have been inspected. In four out of five cases, one of the three filter elements in each pot was damaged, allowing solids to pass into the demister. In the exceptional case, all three filter elements in the COT-2 coalescing filter appeared to be undammaged, with no evidence of any solids bypassing the particulate filter. It appears that in four out of five cases, the particulate elements were overloaded, resulting in rupturing of the weakest of the three elements. We speculate that the rupturing may have occurred during a cool period when condensates were formed and the pressure differential (AP) across the filter increased rapidly due to wetting. The AP is indicated by a pressure gauge on the filta apparatus, not in a control room. Normally, AP is between 1-4 psi, while on a unit with a collapsed filter element, AP would read zero. Several hours or perhaps days could have passed without anyone taking note of AP, as there was no routine schedule for recording it. It is likely that only four of five filters were affected by the liquid slug because there is usually at least one of the five units shut down. Although the filters at CWIP were probably effective at diffusing slugs of liquids that entered the fuel systems, the strength of the particulate filters was clearly inadiquate. We have recommended that true coalescing filters be installed on other turbines running on this fuel gas system.
The stop valve stem on one unit (COT-1) was severely eroded after 14,000 hours of operation. We are not certain why this erosion occurred on one unit while there was no sign of similar erosion on the others. Neither comptessor nor turbine blades had signs of erosion.
Condition of Hot Gas Path Components
The condition of turbine nozzles and buckets was generally good. There were no cracks in the buckets' coating (cast GTD-111 directionally solidified bucket material with GT29+ airfoil coating). All of the rust stage nozzles (cast FSX-4I4, two vane segment type) showed tight multiple cracks that were attributed to cold thermal shock. It was concluded after considering the size, location, and direction, that these cracks were formed from quenching, and not from rapid shut-downs or trips. There were no cracks or evidence of burning on combustion liners, transition pieces or crossfire tubes. Inside the combustion liners of CGT-5, was a thin reddish coating. This was identified as hematite (Fe 203) and anhydrite (CaSO4), combustion products of the solids that were found on the particulate filters. Fuel nozzles had only light deposits and were not fouled enough to raise concerns about uneven combustion.
Fitter Catch Solielg
The amount of solids in the cavity that surrounds the throe filter elements varied from one to two pounds. Solids brushed from the outer surface of the filter elements appeared to be representative of the bulk of the fuel line solids. Solids from each filter were assayed individually and their compositions found to be nearly identical. The analytical result shown in Table I is typical of the solids composition found on all of the filter elements. An undamaged filter was dissected to evaluate the depth of solids penetration into the filter. The solids thickness above the outer screen was estimated to be ca. 0.010 cm. Solids scraped from a 1 in2 area (6.45 cid) weighed 0.103 grams, which has an approximate density of 1.6 g/cmi. A particle size evaluation of the solid material (Fig. 2) shows that approximately 80 percent by volume is less than 10 mm in diameter and 7-8 percent is less than 2 mm.
The major phase of the filter catch solids is magnetite (Fe30.) while other iron oxides are present in minor amounts. Also present are minerals such as dolomite, gypsum, and goethite. These minerals most likely arise from hydrotest water.
Elemental sulfur was found in the range of 6-8 percent by weight in all of the filter catches. This was somewhat unexpected, as the processed fuel gas is generally sweet (less than 1 ppm 1125). We address this issue further in the next section.
As part of the effort to trace the solids upstream, filter elements from the electrical power plant (PP-2) were examined. These filters were nearly free of solids, thus solids composition was not assayed.
Fuel Gas
The fuel gas system stemming from the gas plant feeds two power plants (PP-I and PP-2) and three WIPs: CWIP, WIP-4, WIP-5 (Fig. 3) . The WIPs' fuel consumption (18-25 MMSCFD each) is relatively constant, while the power plants' consumption varies seasonally and from night to day. Together the two power plants consume over 200 MMSCFD during peak power demand in the sununa, while in the winter, the demand is much lower. Thus, (mainly because of domestic power demands) wide seasonal variations in consumption require that the fuel gas be supplemented with dry "sales gas" at times of high demand. In winter, back pressure in FG-1 forces surplus fuel gas into the sales gas line SG-1. When there is a surplus, the fuel gas is mainly regen gas (gas used to regenerate molecular sieve and activated alumina bed dehydrators). The moisture content and average molecular weight of the fuel gas can vary depending upon the number of dehydrator units that are running simultaneous heat cycles. To gain an understanding of how dehydrator regeneration affects fuel gas composition, gas samples were taken just downstream of individual dehydrator trains throughout the heat cycles, then analyzed buy GC to determine component composition.
Combustion gas turbines with single manifold fuel gas systems can tolerate only limited fluctuations in the calorific value of the fuel gas. The calorific value is represented by the Wobbe Index (WI), which is defined as 
where: LHV = Lower heating value of fuel gas Tg = absolute temperature of fuel gas Ga = Specific gravity of fuel gas with respect to air at ISO Variations in WI values calculated from regen gas compositions are no greater than 2.8 patent These values fall well within the fuel system tolerance of ±5 percent for the GE 5002B-AT turbines. Therefore, it appears unlikely that thermal shock sterns directly from variations in gas composition as a mutt of dehydrator regeneration cycles.
Regen gas compositions are shown for the heat cycles of the two different types of dehydrators (Tables 2 & 3) . As expected, the liquid NGL dehydrator beds release the greater proportion of heavy hydrocarbons. The highest concentrations of heavy hydrocarbons occur at the beginning and again about half way through the heat cycle. The increase in heavy hydrocarbons in the middle of the heat cycle coincides with the beginning of a rapid increase in the temperature of regen gas at the outlet of the dehydrator bed. Presumably, this is when a wall of liquid condensate reaches the top of the bed. This effect is seen in both types of dehydrators, but is particularly pronounced in the activated alumina liquid dehydrator beds HYSIM calculations, generated from gas compositions during the heat cycles, yielded graphical representations of the gas/liquid phase envelopes and hydrate lines. Two of these diagrams from the first half of the heat cycle of the NGL dehydrator regen gas are shown in Fig. 4 . We have assumed that the regen gas is saturated with water throughout the heat cycle. Gas Hydrates Natural gas hydrates are solid complexes (clathrates) that exist at various combinations of gas/water concentrations and pressures. They are most common in polar regions (Alaska. Canada, and the North Sea), but have been well documented in wet gas pipelines in the Middle East (Sloan et al.) . In fact, hydrate formation in the regen gas chill-down heat exchangers is a common problem at the Eastern Province Saudi Arabia gas plants. The problem is normally controlled by injecting methanol, but only when plugging occurs. There have occasionally been problems in the high pressure sales gas that have been attributed to gas hydrates. We are aware of one such documented case of a control valve failure in sales gas service (Harruff, 1992) .
HYSIM phase diagrams indicate that there is a clear potential for hydrate formation below 6°C. If, during cold weather (night time temperatures frequently dip near or below 2°C), hydrates were to accumulate in the pipeline, this could result in condensate slugs upon melting of hydrates.
Sulfur In Fuel Gas
We did not attempt to measure sulfides, as to do so would have required instrumentation with PPM level sulfur detection which was not available on site. However, we referred to a previous study in which the concentrations of sulfide species were measured in the regen gas heat cycle by GC-AED (Hamiff, 1993) . Although total sulfur peaked at 779 PPM (coinciding with the removal of water) at about one hour into the heat cycle, the samples were taken before chill-down and liquid knock-out One component, carbon oxysulfide (COS, measured at 50 PPM) was the dominant sulfide component at the beginning of the heat cycle then decreased to less than 5 PPM soon thereafter. Most of these sulfides would be removed during liquid knock-out except perhaps COS. Using a semi-quantitative field test kit for H2S, there was no significant variation in H2S from an approximate 0.5 -1 PPM It is possible that residual sulfides could be converted to elemental sulfur by the end of the 50 km journey to Temperature (°F) Figure 4 Phase boundaries for gas hydrates (----) an liquid condensate (-) calculated with HYSIM from gas sampled down stream of the liquid knock-out drum during the regeneration heat cycle of a liquid dehydrator module.
CWIP. However, it is also likely that the 6-8 percent sulfur found in the CWIP's gas particulate filters could be derived , at least in part, from a 30 km section of pipeline, FO-3 (Fig. 3 ) that was used previously for sour gas service before the commissioning of CWIP.
GENERAL DISCUSSION
The value of inaalling coalescing filters on this sweet fuel gas system has been a subject of some controversy. This is largely because of the perception that fuel gas processed by the central Ghawar gas plants is generally sweet and dry. It was not until after an extensive effort in the past ten years to improve the TBO of CGTs operating on this processed natural gas fuel system that the problems related to thermal shock from fuel condensates became apparent Unlike hot corrosion which progresses gradually over time, hot or cold thermal shock may occur during one brief event. These events are most likely to occur during the night or early morning hours, at times when field engineers are not present and the symptoms would not be noticed.
The turbines at CWIP have provided a unique opportunity to study multiple cases of minor damage to turbine nozzles caused mainly by cold thermal shock. Previouly, only the more severe cases lila gas 6.1e) gassa of thermal shock were recognized as such, because of the usually shock issue, their presence strengthens the case for good fuel extensive damage from other causes. The program of improvements filtration. carried out over the past 20 years has eliminated much of the more severe deterioration to hot gas path components, thus enabling us to TABLES diagnose the less severe drunmage.
Recently shipped CGTs have higher firing temperatures 2000-2600 °F (1093-1427 °C). These machines are expected to be even less tolerant of liquids in the fuel. The cost of refurbishing a turbine from one such incident can easily exceed one million U.S. dollars. Thus, the value of using coalescing filters in processed fuel gas systems for CGTs is apparent. Finally, we stress that a thorough understanding of the fuel system is essential for achieving extended TB0s.
SUMMARY AND CONCLUSIONS
Numerous cracks in central Ghana . COT nozzles characteristic of damage caused by thermal shock have raised concern about the possibility of liquids in the fuel gas supply. During hot gas path inspections of five COT drivers fed by the fuel gas system, we analyzed debris collected from particulate filter/demisters. We have also measured variations in the fuel gas composition 2 . These data were used to calculate calorific fluctuations and to construct pressuretemperature phase envelopes that describe liquid condensate and gas hydrate potentials. Based on observations from these activities, the following conclusions were drawn.
(1) Evidence for the transient existence of liquids and gas hydrates in sweet fuel gas processed by a central Ghawar gas plant has been found.
(2) The potential occurrence of gas hydrates and condensates in this fuel gas system is greatest when the ambient temperature declines below 43°F (6°C). This range of temperatures is conunon in the desert regions of Saudi Arabia during winter months which historically coincides with incidents of thermal shock. (3) Measured variations in the fuel gas composition correspond to a maximum 2.8% difference in Wobbe Index. This is well within the ±5 % tolerance of single manifold COT fuel systems operating at 1770°F (965°C) firing temperatures. (4) Seasonal occurrence of aqueous and hydrocarbon liquids in the fuel supply suggests that thermal shock may have played a greater role in the aging process and initiation / propagation of cracks in hot gas path components that originally suspected. (5) Although minor cracking was found in all of the CWIP COT first stage nozzles, the Filterdyne gas filter/demisters provided a measure of protection from condensates. However, the physical strength of the particulate filter elements was clearly inadequate, and the installation of true coalescing filters on the remaining unprotected COT engines on this fuel system has been recommended. (6) Several ounces of corrosion products, mineral deposits, and elemental sulfur were recovered from each filter pot We suspect that the major portion of these solids were swept into CWIP from the 30 km section of pipeline (FO-3) that was previously used in sour gas service. Although the solids are not directly relavent to the thermal 2 Regen gas measurements were taken in November and May on the gas dehydrators and in September on one liquid dehydrator. We are not certain how the compositions of regen gas varies from season to season or with changing volume of daily gas processing. Further studies are needed to answer these questions. Regen gas temperature at the top outlet of the dehydrator bed.
